The manifestation of diffraction pattern in the HST/NICMOS image of extragalactic point sources indicate that the phase coherence of optical light is maintained through a distance of propagation reaching the Hubble limit. The phenomenon can in fact be used as an extremely sensitive probe of the physical world in a parameter regime far from that of the laboratory. In a previous work we demonstrated, using this probe, that the speed of light has an accuracy sufficient to enable an exclusion of Planck scale space-time fluctuations. Here we examine the phase evolution of light as it passes through a Universe containing many massive bodies. According to General Relativity, these masses can influence the light beam from a remote distance by their gravitational fields, resulting in a net change of the beam direction -the curvature of space. We show that if the effect is present, the random motion of the masses will cause an inevitable loss of longitudinal phase coherence from photons emitted by high redshift sources, i.e. the sources will appear blurred. The situation is reminscent of stars twinkling as their light is scattered by a turbulent atmosphere. Since the NICMOS images clearly point to the absence of such behavior, the limit we obtain invalidates General Relativity as applied to space at the grandest scale. It also excludes the possibility of a reduction in the Hubble constant at locations where the gravitational field has the equivalent value of 1 AU or more from the sun.
Introduction
One of the most striking unsolved problems concerning the Universe is its geometry. According to General Relativity, the curvature of space at large scales is determined by the total mass density of matter and energy, ρ(t), a quantity that evolves with world time t as the Universe ages. If the curvature is zero, the density at the current epoch t = t o must equal a critical value, i.e. ρ(t o ) = ρ c where
and H o = H(t o ) is the Hubble constant. It is customary to express ρ o = ρ(t o ) in units of ρ c , i.e. as the parameter
Recent data on the cosmic microwave background (Rubino-Martin et al 2003) corroborate with improved accuracy the earlier findings that Ω equals unity, i.e. space is flat. Specifically the latest published WMAP constraint is Ω = 1.02 ± 0.02 (Spergel et al 2003) . The consequence of ρ o = ρ c means that ∼ 97 % of the matter and energy in the Universe remains unaccounted for. Although a large fraction (∼ 70 %) of ρ o may exist in the form of a dark energy responsible for the accelerated expansion of space (a phenomenon that continues to receive observational confirmation, Blakeslee et al 2003) , the physical properties of this energy is totally unknown. Equally lacking is experimental evidence that energy indeed has its own gravitational field. Given a situation like the above, it is probably necessary to reexamine the basic tenets of Relativistic Cosmology, by comparing them against the large amount of highly informative observational data currently available.
In two recent papers (Lieu & Hillman 2003; Ragazzoni, Turatto, & Gaessler 2003) cosmology by the precision method of diffraction limited imaging of extragalactic sources was proposed, and the outcome of its application to two Hubble images was presented. The purpose of these works was to directly test the existence of first order quantum gravity induced fluctuations in time and space, the 'Planck-time' effects, through measuring the stability (to random uncertainties) of the speed of light c at the few parts in 10 32 level. The negative result led to an exclusion of first order Planck scale effects in space and time. At the very least, for such effects to exist they must henceforth be described by a sophisticated model (Ng, Christiansen, & van Dam 2003) . The original arguments that led to the concept of a Planck length involve quantum physics and General Relativity, thus either one of the two disciplines is yet incomplete, or the way we link them is wrong. There are authors who advocate that Einstein's theory of gravity is not affected (Loinger 2003) , yet for the moment one must keep an open mind by not removing it from the list of 'suspects'. The question presented here is -can the phase behavior of extragalactic light be used to conduct further tests?
Phase evolution of extragalactic light
Suppose light of frequency ω = ω e is emitted by a distant point source at world time t = t e , and detected by us at world time t. In the standard Robertson-Walker Universe, the line element is:
where (r, θ, ϕ) are comoving coordinates, and the curvature index K may be expressed in terms of parameters at time t, viz.
with a(t) as the current expansion parameter.
Let us assume flat space for the moment, i.e. K = 0, not only because of the WMAP results, but also because in this section we shall restrict ourselves to low redshifts where curvature is unimportant. Consider the long term time dependence in the phase of a light wave φ, which may for simplicity be taken to have an initial value φ e = 0 at the epoch of emission t = t e when the source was located at r = 0. Since the locus for light is the null geodesic ds 2 = 0, according to Eq. (3) φ is determined at any subsequent point (t, r) along the light path by the equation:
where:
We do not know the exact functional form of a(t), so τ (t) can only be written as a Taylor expansion around t e , viz.
where H(t e ) is the Hubble constant at epoch t e . When substituting into Eq. (5) the expression for τ (t) in Eq. (7), one obtains:
Note the first two terms on the right side depict the phase behavior in non-expanding space, while the third term is the lowest order correction to the anomalous phase in the case of expansion.
From Eq. (8) one can deduce the light frequency at time t as:
For sufficiently small t − t e the higher order terms may be ignored, so it is precisely the H term that gives the effect of a redshift z scaling linearly with t − t e , or distance between observer and source. Specifically z ≈ H(t e )(t − t e ). Within this limit of the approximation H(t e ) is also the same as the Hubble constant at the present epoch, i.e.
Thus, in the above analysis it is shown that, as a consequence of the anomalous phase evolution caused by the expansion of space, light from distant point sources behaves interferometrically as if it possesses a frequency lower than the source value ω e by an amount corresponding to the redshift of spectral lines from the same source.
Limit on the departure from smoothness of the cosmological expansion
So far we we have been tracing the phase of a well-defined plane wave local to the source (i.e. a e = a(t e ) is unique for a given t e , also space and time are not quantized) as it propagates through the vast intergalactic medium of smoothly expanding space. If the Hubble constant H o fluctuates randomly along the light path, there will be a standard error δφ in the final phase φ by virtue of the last term in Eq. (8). More precisely we will have:
where δH o is defined here as the r.m.s. deviation in H o over an entire sightline. Note that de-phasing is inevitable unless the magnitude of δH o is small. Any model of light propagation that aims at decoupling φ from space-time fluctuations must at the same time explain why, as already pointed out, the phase behavior within a photon coherence length responds to a systematic effect like expansion, since such an effect necessarily also consist of discrete and chaotic steps at some scale -microscopically no process can be infinitely smooth.
The criterion for phase coherence of light from distant point sources is two-fold. Firstly, spatial (or lateral) coherence on a macroscopic wavefront that enter the telescope aperture is assured if δφ ≪ 2π for sightlines of equal lengths connecting the source to points along the spherical wavefront. At lower redshifts and for optical radiation (i.e. t − t e ≈ 10 17 s, ω e ≈ 10 15 Hz) it means such sightlines satisfy: . Secondly, the diffraction phenomenon also implies temporal (or longitudinal) coherence, viz. for all points along successive arriving wavefronts that span the duration δt of a typical optical photon wavepacket the sightline averaged δH o /H o cannot exceed the level given by Eq. (12). The value of δt may conservatively be set at:
The number reflects the natural width of permitted optical resonance lines (Verner, Verner, & Ferland 1996) . Continuum photons at the 1.6 µm wavelength of HST has typically even longer coherence times. In any case, a net outcome of lateral and longitudinal phase coherence is that Eq. (12) constrains the average fluctuation of H o over any light path to nearby extragalactic objects, at any time.
Since the 'dark energy' that drives cosmological expansion is hitherto unknown, the smoothness level at which it operates can indeed be very high. Nevertheless, the limit imposed by Eq. (12) is stringent in the sense that even when it is violated by a large margin (resulting in δφ ≫ 2π) the uncertainty in the redshift, δz = δH o (t − t e ) from Eq. (10), remains very small. The reason is because δz/δφ = 2/ω e (t − t e ) ≪ 1. Given the redshift equals ratio of expansion parameters a(t) at the two epochs, this in turn means that if a e at emission is sharply defined, it will have every chance of staying the same way at detection.
Evidence against reduction of the Hubble constant in a gravitational field
Despite the lack of an established model for the expansion process, the bounds on δH o can at least be used to test whether expansion only takes place in the space between galaxies and clusters, but not within such gravitationally confined systems themselves. The idea is central to theories of hierarchical structure formation, which start from the founding assumption that departures from a homogeneously expanding Universe are large only on scales ≪ c/H o , and grow by gravity alone out of small initial density perturbations (Harrison 1970 , Zel'dovich 1972 . Suppose therefore that at locations of some large distance r from a massive object the Hubble constant has a value H 
for some constant α. We can then expect the phase drift due to stretching of space to be perturbed everytime the light beam passes by a galaxy.
For low redshift emitters, however, the number of galaxies intercepting a sightline could vary substantially. To secure the test, therefore, we examined the source H1821+643 (z = 0.297), to which an extensive survey of galaxies at all intermediate redshifts within a ∼ 1 o field down to a magnitude of B J = 21.0 was conducted, leading to detailed information on > 100 of such objects (Tripp, Lu, & Savage 1998) . Moreover, diffraction spikes are apparent in the HST/NICMOS 1 image of H1821+643, again at ν ≈ 2 × 10 14 Hz, indicating in particular that the arriving photons retain longitudinal phase coherence.
To explore the consequence, we estimate the random fluctuation in H 
where v is the component of the galaxy's (random) velocity transverse to the light path, which we take to be ∼ 100 km s −1 . Substituting into Eq. (14), we obtain:
Since some of the galaxies are moving towards the beam while others away from it, the total effect on the average value of H o experienced by the beam is an r.m.s. variation for the entire sightline of length L ≈ 1.27 Gpc to H1821+643, which equals 1/L times the quadrature addition of δH ′ o over all the galaxy encounters, each term weighted by the path length (∼ ∆ i ) of the corresponding encounter, i.e.
By means of the galaxy tables in Tripp, Lu, & Savage (1998) we found that (M 2 /∆ 2 ) converged to the value of 0.145 M ⊙ /R ⊙ at an impact parameter range of ≤ 1.16 Mpc, within which there were 46 galaxies. If in Eq. (16) we set δt at the optical photon coherence time of Eq. (13), and express (M 2 /∆ 2 ) in solar units, the following result will emerge:
This is to be compared with the requirement for phase coherence, Eq. (12), using ω e = 2 × 10 14 Hz and the appropriate t − t e of 1.27 × 10 17 s. Under the assumption of Eq. (14), we therefore arrive at a limit on the reduction in H o at any location where the gravitational field is as strong as that on the surface of the sun:
Obviously, at other locations such as the equivalent of 1 AU distance where the gravitational field has declined by ≈ 200 times, one can safely say that the expansion of space occurs without any inhibition.
Are there alternative interpretations? The idea of simply allowing a violation of Eq. (18) and expect no consequences is out of the question, because then the second of the two necessary condition for phase coherence will not be met. As a result, there will develop a large (i.e. ≥ 2π) random shift of the phase (hence propagation direction) within any significant portion of the photon wavetrain, reminiscent of waves from an extended source, and the observational appearance of a first order point diffraction pattern will then be inexplicable. In a better argument, one assumes the phase correlation between various points within a photon is always that of a linear wave, and accepts this as a fundamental property of light which cannot be altered by the propagation environment. Yet the argument goes against the standard (cosmological) model, according to which the phase correlation already deviates from the linear form even within the same photon -the second term in Eq. (8). For ordinary visible light the effect is tiny, but if it is totally absent there will be no redshift by the time a photon reaches the detector. Thus we conclude that the above analysis led to direct evidence against the absence of Hubble expansion in the gravitationally bound systems of stars and galaxies.
Breaking the General Relativistic linkage between gravity and the curvature of space
Turning to the observational scrutiny of space curvature, we express Eq. (5) in its complete form that allows for the possibility of a finite K:
where τ is still as in Eq. (6) and u is given by:
having adopted a spatial coordinate system with the source at r = 0 and observer at r = r o . The Taylor series for the phase is now in powers of both t − t e and r:
For the purpose of calculating the extent to which fluctuations in the curvature index K alone can cause de-phasing of the radiation, we shall assume that the temporal terms in Eq. (21) are all exactly known, i.e. ignoring any departure from smoothness in the expansion of space. This enables us to re-write further Eq. (21) so that time is given by the quantity t−t o where t o is a present epoch -a procedure essential towards investigating high redshift sources where curvature begins to play a significant role 2 . In the following equation ω o = ω e a e /a o is the redshifted frequency (i.e. ω(t) ≈ ω o ):
In this way we isolate the crucial term, which is the last one on the right side of Eq. (22). The validity of Eq. (22) rests upon the assumption of Kr 2 ≪ 1 (so that higher powers of Kr 2 can be neglected) where K is the mean curvature index along the sightline. Referring to Eq. (4), and using the WMAP limit of |Ω − 1| ≤ 0.04 (Spergel et al 2003) , we see that Kr 2 is indeed small for sources with a present distance L = a o r < 10 Gpc.
In relativistic cosmology the mean gravitational potential sampled by a light beam may be written as:
and is the systematic addition of many contributions Φ i at various impact parameters from massive objects (see, e.g. Eq. (14.77) of Peebles 1993) . Again, we begin with the random fluctuation in Φ i for the i th encounter by two wavefronts δt apart in time, due to motion of the mass (towards or away from the beam with equal probability) within this interval, viz.
. When all the encounters are taken into account, the r.m.s. deviation in Φ may be written in a similar way as before:
For light from a high redshift source the summation in Eq. (24) is carried through numerous intervening masses, resulting in a stable statistical behavior. Thus we may replace the right side of the equation by an integral. Suppose all the objects are of one kind, say type A (where A can denote galaxies or clusters etc), of number density n and each has a typical mass M. Then:
2 Since expansion and curvature operate on different distance scales it is unlikely for any contrived correlation between the fluctuations in these two processes to invalidate the main conclusions of the present paper.
If the objects constitute a fraction Ω A of the critical density of the Universe, we will have:
Moreover, ∆ min is naturally determined by the requirement of at least one mass (on average throughout the path) at such close proximity to the beam:
By assuming ∆ max ≫ ∆ min , we obtain:
It is particularly interesting to find that the final result does not depend on the number density n, which simplifies matter a great deal because the effect of different mass types then directly add. Next, by comparing Eqs. (4) and (23), we see that r 2 δK = δΦ/c 2 . Hence, by Eq. (28), the fluctuation in the last term of Eq. (22) reads:
In the ensuing discussion we calculate δφ by taking into account all the mass components that contribute to the matter density of the Universe, i.e. we shall assume Ω A = 0.3. Further, we adopt v = 100 km s −1 as before -it is highly unlikely that the random velocity of visible galaxies and dark masses can fall much below this number.
Let us apply the result to the point source PKS 0201+113, at a redshift of z = 3.61 (White, Kinney, & Becker 1993) , or distance L = a o r = 6.88 Gpc in a Ω m = 0.3, Ω Λ = 0.7 cosmology. Light from the source was again observed by HST/NICMOS at ω o ≈ 2 × 10 14 Hz. Substituting the various values into Eq. (29), and using Eq. (13) for δt, we obtain δφ ≈ 30 > 2π, i.e. longitudinal phase coherence will be lost to random gravitational scattering. Yet to the contrary, the NICMOS archival image reveals a nearly perfect 1st Airy ring, clearly indicating that the effect is absent.
The above investigation places a severe limit on the degree to which light from very distant emitters is influenced by the gravitational field of matter at the largest scale. The limit implies that at least there are vital missing links in General Relativity, rendering it as yet an incomplete theory of cosmology 3 . One possibility is that the Hubble expansion does not involve stretching of space, but the continuous creation of genuinely new space to remove the 'wrinkles' caused by the gravitational field of massives bodies. The context of this paper is observational, however, and in this regard we end by mentioning that although the data employed here are from optical instruments, even more sensitive limits may be established from the X-ray sky. The reason is because in the X-rays ω o increases by ∼ 1000 times while the coherence time δt decreases by ∼ 100 times (to ≈ 10 −10 s; Verner, Verner, & Ferland 1996) for continuum radiation, so that in Eq. (29) the phase fluctuation δφ over an interval δt is higher by yet another factor ∼ 10. Thus the prediction of standard cosmology is that high redshift sources should at best appear to X-ray telescopes as blobs of hazy glow, which is obviously not the case. RL thanks T.W.B. Kibble for helpful discussions.
